Positive margins after breast conservation surgery represent a significant problem in the treatment of breast cancer. The nearinfrared fluorescence agent CLR1502 (Cellectar Biosciences, Madison, WI) was studied in a preclinical breast cancer model to determine imaging properties and ability to detect small islands of malignancy. Nude mice bearing human breast cancer flank xenografts were given a systemic injection of CLR1502, and imaging was performed using LUNA (Novadaq Technologies Inc., Richmond, BC) and Pearl Impulse (LI-COR Biosciences, Lincoln, NE) devices. Normal tissues were examined for fluorescence signal, and conventional and fluorescence histology was performed using the Odyssey scanner. Peak tumor to background ratio occurred 2 days after injection with CLR1502. The smallest amount of tumor that was imaged and detected using these devices was 1.9 mg, equivalent to 1.9 3 10 6 cells. The highest fluorescence signal was seen in tumor and normal lymph node tissue, and the lowest fluorescence signal was seen in muscle and plasma. Human breast cancer tumors can be imaged in vivo with multiple optical imaging platforms using CLR1502. This pilot study supports further investigations of this fluorescent agent for improving surgical resection of malignancies, with the goal of eventual clinical translation.
O NCOLOGIC RESECTION remains the primary treatment modality for solid tumors, but effectiveness is limited by the inability to obtain clear margins. In addition to visual inspection and palpation by the surgeon, current strategies for identifying tumor margins intraoperatively include conventional frozen section or permanent section histology, both of which require removal of several centimeters of adjacent normal tissue to obtain margins that are pathologically free of disease. Removal of this additional tissue adjacent to the tumor has the potential to negatively impact functional and cosmetic outcomes. 1, 2 Therefore, there is an opportunity to improve detection of nonpalpable, subclinical disease through precise visualization of tumor boundaries without excessive removal of adjacent normal tissue. The most widely proposed technique for real-time surgical imaging of cancer margins remains the use of optical near-infrared (NIR) imaging and intraoperative magnetic resonance imaging (MRI). 3, 4 With respect to NIR imaging, the depth of penetration (5-10 mm), wide field, and nontoxic nature of fluorescence-based imaging make it ideal for the surgical setting. [5] [6] [7] [8] [9] Several clinical trials in this area have defined potential benefit 10 or are currently ongoing (clinicaltrials. gov, identifiers NCT0197273, NCT01508572, and NCT 01987375).
Breast conservation surgery, by definition, attempts to minimize the ablative defect and provides an especially relevant platform for NIR-based applications. Positive margins in breast cancer are defined as tumor cells present within 2 mm of the surgical margin. 11 Unfortunately, breast conservation surgery is associated with a positive margin rate of 20 to 60%, 1, 11 requiring 15 to 60% of these cases to undergo reexcision. 12, 13 Thus, there is significant opportunity for improvement over current techniques such as frozen section and wire-guided localization. 14 The clinical introduction of CLR1404 in positron emission tomographic (PET) imaging of solid tumors provides motivation for developing a structurally similar compound, CLR1502 (Cellectar Biosciences, Madison, WI), for NIR fluorescence imaging. CLR1502 is an alkylphosphocholine compound that targets cellular and intracellular membranes. Through disruption of cholesterol homeostasis, the phospholipid carrier of CLR1502 is incorporated into cancer cells by cholesterol-rich plasma membrane lipid rafts, which are present in increased amounts in cancer cells over normal cells. 15 Furthermore, retention of the agent is prolonged secondary to deficiency of phospholipid catabolizing agents in tumor cells compared to normal cells in various cancer types, including ovary, colon, melanoma, lung, and breast. [16] [17] [18] Considerable research has been done with analogous agents in PET imaging [19] [20] [21] (clinicaltrials.gov, identifiers NCT01516905, NCT01540513, NCT00582283, NCT01662284, NCT01898273) and has shown them to be well tolerated, without evidence of acute toxicity at high doses. 21 However, optical fluorescence imaging represents a relatively new area of application.
Implementation of these innovative imaging agents in the operating room would be facilitated by the use of established hardware. To this end, we assessed the potential of a currently available intraoperative device (LUNA/SPY, Novadaq Technologies Inc., Richmond, BC) optimized for indocyanine green (ICG) (excitation and emission 780 and 830 nm, respectively) to detect CLR1502 (excitation and emission 767 and 796 nm, respectively). LUNA is available at most tertiary care facilities for fluorescence angiography in plastic surgery procedures. Additionally, the Pearl Impulse device (LI-COR Biosciences, Lincoln, NE) is a small animal imaging system designed to image the IRDye products, but it also has spectral overlap with CLR1502. Pearl has the advantage of an enclosed system that can be used to assess tissue fluorescence with greater flexibility and sensitivity. 6, 22 In this study, we used the LUNA and Pearl instruments to characterize CLR1502 localization within tumors in a preclinical model.
Materials and Methods
Cell Lines and Tissue Culture 2LMP (23 lung metastatic pooled) triple-negative human breast cancer cells, derived from MDA-MB-231 (MD Anderson metastatic breast), were obtained from the laboratory of Dr. Donald Buchsbaum at the University of Alabama in Birmingham. Cells were maintained in Dulbecco's Modified Eagle's Medium, 10% fetal bovine serum, and 1% L-glutamine. Cells were incubated at 37uC in 5% CO 2 and cultured to 80% confluence. Cell number was determined by hemocytometer and trypan dye exclusion, and 2 3 10 6 cells in phosphate-buffered saline (PBS) were injected subcutaneously on the flank.
Reagents
The imaging agent used was CLR1502, which was synthesized as previously described. 15 CLR1502 was reconstituted to 0.5 mg/mL and 0.05 mg/mL in 0.4% (v/v) polyoxyethylene sorbitan monolaurate (Polysorbate 20, JT Baker, Avantor, Center Valley, PA), 7% (v/v) ethanol (EMD Chemicals Inc., Gibbstown, NJ), and 0.9% (w/v) sodium chloride (APP Pharmaceuticals, Schaumburg, IL). The final solution was filtered through sterile 0.22 mm syringe filters. Prior to injection, the weight-based dose of CLR1502 was diluted to a total volume of 200 mL in PBS.
Animal Models
Nude (nu/nu) female mice (Charles River Laboratories, Hartford, CT), age 4 to 6 weeks, were purchased and allowed to acclimate for 1 week before experiments were started. Mice were housed in accordance with the Institutional Animal Care and Use Committee guidelines, and all experiments were conducted and mice were euthanized according to approved protocols. All mice received 200 mL subcutaneous injection of 2LMP cells (2 3 10 6 ) suspended in PBS on either the right or left flank. Tumors were allowed to grow for 2 weeks.
To determine the time of the peak tumor to background ratio (TBR), mice bearing flank tumors were intravenously injected with either a 3 mg/kg (n 5 2) or a 0.3 mg/kg (n 5 2) dose of CLR1502. The tumors were imaged daily after injection with the clinical imaging system LUNA and the preclinical Pearl Impulse system. LUNA images were analyzed using SPY-Q Image Analysis software (Novadaq Technologies Inc.), and Pearl images were analyzed using Image Studio software (LI-COR Biosciences). Tumor volume was measured by standard caliper assessment twice weekly. One mouse from the 0.5 mg/mL group required early euthanasia due to tumor ulceration on postinjection day 11. The remaining mice were euthanized on postinjection day 21, and tumors and ipsilateral lymph nodes were collected for further analysis.
To evaluate the threshold of detection for CLR1502, mice were intravenously injected with a 3 mg/kg dose of CLR1502 (n 5 3). On postinjection day 2, retro-orbital bleeding was done to collect blood from each mouse. Blood was spun at 1,500 revolutions per minute for 10 minutes to collect the plasma fraction. Mice were then euthanized, and serial sectioning of resected tumors was performed. The skin overlying the tumor was incised to create a flap, and the whole tumor was imaged using LUNA and Pearl. In this model, the fluorescence of the wound bed represented the background fluorescence that would be present in a surgical field. The whole tumor was weighed and then dissected in half. One half was placed aside in a tissue cassette. The other was weighed and placed back into the tumor bed for imaging as described above. The serial sectioning of each tumor proceeded until the tumor could no longer be grossly divided. At the conclusion of serial tumor imaging, multiple other organs were collected for imaging, including lymph nodes, fat, muscle, liver, spleen, kidneys, and skin. Tissues were weighed and placed in individual cassettes for imaging, and 25 mL of plasma was imaged in an Eppendorf tube.
Fluorescent Imaging and Measurement
Images were captured on the LUNA for 34 seconds with a frame rate of 15 frames/s. The tumor was in the center of the field of view for all animal images. The SPY-Q Image Analysis software used for analysis is specific to the LUNA device. LUNA captures were stacked in SPY-Q to create a single image with total fluorescence values. For daily imaging, one region of interest (ROI) was constructed over the center of the tumor and four additional background ROI were placed in the normal tissue over the ipsilateral side of the mouse at the posterior flank, midbody, shoulder, and neck. For serial sectioning, one ROI was constructed over the center of the tumor and one background ROI was placed next to the tumor in the tissue of the wound bed. Images were exported as bitmap, and total point pixel intensity was recorded. TBR was calculated for each animal at each time point. The daily imaging group TBRs represent transcutaneous (TC) values for the tumor, whereas TBRs for the serial sectioning group represent a direct value with the skin removed. For each tissue examined ex vivo, an ROI was constructed over the tissue of interest. Images were exported as bitmap, and total point pixel intensity was recorded. To ensure consistency, one author performed all ROI measurements and calculations.
Pearl images were collected on the 800 nm channel and white filters with the settings resolution 85 mm and focus 0. The tumor was in the center of the field of view for all animal images. The Image Studio software used for analysis is specific to the Pearl device. For daily imaging, one ROI was constructed over the center of the tumor and four additional background ROI were placed in the normal tissue over the ipsilateral side of the mouse at the posterior flank, midbody, shoulder, and neck. For serial sectioning, one ROI was constructed over the center of the tumor and one background ROI was placed next to the tumor in the tissue of the wound bed. Total counts were recorded for each ROI. All ROI were the same area. Background ROI were averaged, and TBR was calculated for each animal at each time point. The daily imaging group TBRs represent TC values for the tumor, whereas TBRs for the serial sectioning group represent a direct value with the skin removed. For each tissue examined ex vivo, size-matched ROI were constructed over the tissue of interest. Total counts were recorded. To ensure consistency, one author performed all ROI measurements and calculations.
Histology Evaluation
Conventional hematoxylin-eosin (H&E)-stained slides were examined under 103 magnification with a Fisher Micromaster Scientific Microscope (120V, 12-561B, Fisher Scientific, Fair Lawn, NJ). Unstained slides corresponding to the H&E slides were placed in the Odyssey scanner (LI-COR Biosciences) to generate fluorescent histology images of the ipsilateral lymph nodes, contralateral lymph nodes, tumor, skin, and muscle. The intensity was standardized for all images. Images were analyzed using Image Studio software. Five size-matched ROI were constructed and evenly distributed within the tissue of interest. Total counts were recorded for each ROI and averaged for each tissue. To ensure consistency, one author performed all ROI measurements and calculations.
Statistical Analysis
To determine differences in tumor volume at baseline between the daily imaging and serial sectioning groups, volumes were compared using a two-tailed t-test (Excel 2010, Microsoft Corporation, Redmond, WA). Tumor fluorescence was compared to background fluorescence for each time point in the daily imaging and serial sectioning studies also using two-tailed t-tests. Statistical significance was considered p , .05.
Results

Tumor Properties
The average starting volume of the tumors was 184 mm 3 6 80 mm 3 for the high-dose cohort and 108 mm 3 6 83 mm 3 for the low-dose cohort. The average final volume of the tumors was 971 mm 3 6 923 mm 3 for the high-dose group and 1,263 mm 3 6 993 mm 3 for the low-dose group. Average tumor volume prior to serial sectioning was 193 mm 3 6 28 mm 3 , and average weight was 77.4 mg 6 23.7 mg. The starting tumor volumes for the daily imaging and serial sectioning groups were not significantly different (p 5 .11).
NIR Fluorescence Imaging of Tumors
Following a single systemic administration of CLR1502, tumor fluorescence in the high-dose group (0.5 mg/mL) was significantly greater than that for the tumors in the low-dose cohort (0.05 mg/mL) for all time points (p , .05) by both LUNA and Pearl. When the tumor fluorescence was divided by the background to obtain the TC TBR (Figure 1) , the time points 1 day, 30 hours, and 2 days showed the high-dose group to have a statistically significantly higher TC TBR than the low-dose group by LUNA (p , .05). By Pearl, day 2 and days 12 to 16 and 19 to 21 showed the high-dose group to have a statistically significantly higher TC TBR than the low-dose group (p , .05). The peak TC TBR value for the high-dose cohort was 1.4 by LUNA and 1.5 by Pearl, which was similar to the peak TC TBR value for the low-dose group of 1.3 by both LUNA and Pearl. Peak TC TBRs were achieved near postinjection day 2. Timing and TC TBR values were very consistent between LUNA and Pearl imaging modalities for the high-dose group; however, the low-dose group demonstrated more variability with respect to peak values. Peak TC TBR for the low-dose group was achieved at 72 hours after injection on LUNA but was observed to peak and remain relatively constant between 24 and 72 hours on Pearl. Whereas TC TBR values fell below detection (TBR , 1.0) on day 10 by LUNA for both dosing cohorts, Pearl TC TBRs did not fall below detection until day 12 for the low-dose group and day 16 for the high-dose group. Once TC TBR values fell below 1.0, they remained below detection throughout the remainder of the imaging study. Pathologic sectioning of tumor was used to confirm that fluorescence correlated with the presence of tumor.
Determination of Detection Threshold for NIR Fluorescence Imaging
To determine the smallest amount of tumor that can be detected in a surgical wound bed using CLR1502 and the Food and Drug Administration-approved LUNA device, the tumor was excised and then serially divided. Pearl was used as a validation tool for LUNA imaging. Prior to serial sectioning, the TC TBR was 1.8 for LUNA and Pearl. After removal of the overlying skin, the direct TBR values (using the wound bed as background) for LUNA and Pearl were 1.8 and 2.1, respectively. Serial sectioning of tumor tissue resulted in a decline in direct TBR as tumor size decreased (Figure 2) ; however, tumor fluorescence remained statistically significantly higher than the background tumor bed fluorescence for each division by both LUNA and Pearl (p , .05). The smallest fragment of tumor that was imaged weighed an average of 1.9 mg and was detectable by both LUNA and Pearl, with TBR values of 1.4 and 1.6, respectively. The value 1.9 mg can be extrapolated to equal 1.9 3 10 6 cells 23 that were visible.
Fluorescence Uptake in Nontarget Tissues
In the daily imaging, detection threshold, and fluorescent histology studies, lymph nodes were highly fluorescent, although malignant disease could not be identified. The daily imaging study demonstrated signal-to-background ratio (SBR) values for the lymph nodes in both the highand low-dose groups that remained 1.3 to 1.8 from 7 hours after injection until day 21. SBR values for lymph nodes were 1.5 for the detection threshold study. These values are close to and, in the case of the daily imaging experiment, greater than the peak TBR values for the tumors in each study. When tissues were examined ex vivo, the lymph nodes ipsilateral to the flank tumors had the highest fluorescence values, followed (in descending order) by normal skin, contralateral lymph nodes, kidneys, spleen, fat, liver, muscle, and plasma (Figure 3) . Microscopic evaluation of all nontumor tissues revealed normal histology without evidence of metastasis or tumor invasion. As demonstrated in Figure 4 , fluorescent histology images obtained with the Odyssey scanner show increased fluorescence in the normal lymph nodes relative to the tumor, skin, and muscle.
Discussion
Alkyl phospholipids are a class of compounds that are known to be selectively taken up and retained by tumor cells. These agents have been extensively studied in PET/ computed tomographic (CT) imaging [19] [20] [21] and are currently being investigated in multiple clinical trials but have only recently been adapted for NIR optical fluorescent imaging. Adaptation of the core molecule to multiple imaging modalities leverages similar toxicology and manufacturing information and facilitates clinical translation.
In this pilot study, we examined the innovative NIR fluorescent agent CLR1502 and its ability to detect breast cancer using the wide-field imaging device LUNA, the enclosed imaging device Pearl, and the scanning device Odyssey. After systemic injection, CLR1502 signal within the tumor using the Pearl and LUNA systems was found to peak at 2 days, with maximum TBR values of 1.8. Tumor signal fell below background after 1.5 to 2 weeks. As few as 1.9 3 10 6 tumor cells were able to be fluorescently detected using this imaging compound with these devices. Strong uptake of this agent was also noted in normal lymph nodes as early as 7 hours postinjection and remaining for several weeks. The timing of peak uptake by the tumor (2 days) and peak uptake by the normal tissues (7 hours) is consistent with studies of radiolabeled alkyl phospholipid agents. 21 Fluorescence signal was lowest in muscle tissue and plasma.
The rapid expansion of cancer imaging into the NIR field in recent years has led to the development of multiple other agents, including antibody-based, folate-based, and cathepsin-activatable probes. Each of these techniques, in addition to the alkylphosphocholine CLR1502, relies on differential, cancer-specific targeting of the tumor. The application of such different NIR probes to a diverse set of cancers (breast, colon, gastric, head and neck, lung, melanoma, ovarian, prostate) has produced varied results.
For antibody-based imaging, peak TBRs of 1.5 to 9 have been reported, 5, 6, 22, 24 folate-based agents cite TBRs of 3 to 12 and a significant uptake of folate agent within cancer cells, [25] [26] [27] and cathepsin-activatable probes have been shown to produce a 1.8-fold increase in fluorescence signal intensity over normal tissue and TBRs of 8 to 9. [28] [29] [30] In this study, the observed TBRs of 1.3 to 1.8 were lower than what is reported for these other modalities; however, high variability in TBR for each of these techniques is a byproduct of differences in cancer type, tumor size, imaging modality, and ROI analysis. No form of standardization currently exists to compare results across studies, and the development of industry wide standards is essential prior to large-scale clinical trials. 31 Nonspecific uptake in normal tissue such as skin and in normal lymph nodes was a noted limitation of this technique. At certain time points, the normal lymph nodes were observed to have higher fluorescence than the tumor; however, it is unknown if the presence of metastatic cancer in the lymph node would further increase fluorescent signal. Additionally, the lower fluorescent values for the tumor may suggest an unexpected quenching effect of CLR1502 as it concentrates within the tumor. Further support for this conclusion is reflected in the relatively early peak in fluorescence at day 2 followed by a steady decline in TBR values to less than 1 as the agent was allowed to circulate and accumulate within the tumor. Certainly, tumor size must also be considered a possible confounder in this process. The potential depth of penetration for NIR is approximately 1 cm 32 ; however, this may be influenced by quantum yield, instrument parameters, dye quenching, and tissue type. In this case, as the tumors enlarged, attenuation of fluorescent signal may have contributed to the decrease in TBR values. Low absolute TBR values could also be a reflection of using instrumentation not specifically designed around the excitation and emission wavelengths of CLR1502 or from calculating TBR for daily imaging using background from skin, which had high fluorescence. In the operative setting, tumor exposure via skin retraction would limit this artifact, as was seen in the serial sectioning model. Further studies with this agent are warranted to determine the sensibility of this technique in orthotopic models of breast and other cancers, to identify if quenching is occurring, and to examine modifications that can be made to improve TBR.
Conclusion
CLR1502 can be used with current NIR fluorescence imaging devices to visualize breast cancer in the early period after injection. Contrast between fluorescence of the tumor and normal tissue is greatest for tumors located in or adjacent to muscle and fat tissues, such as breast cancers at the level of the pectoralis. Additionally, the dual capacity of alkyl phospholipid agents for PET and NIR imaging allows for both tumor detection and margin assessment, thereby enhancing clinical impact and facilitating clinical translation.
